Introduction
Studies of T cell development and activation have established that pre-TCR/TCR stimulation results in activation of a signaling cascade initiated by phosphorylation and activation of TCR-ζ and Lck. Activated Lck phosphorylates Zap70, which in turn phosphorylates Lat and Slp76, resulting in formation of a Lat/Slp76 complex that recruits and activates downstream molecules including Vav1, Gads, Grb2 and Plc-γ1 (1-3). Thymic development is partially or totally defective in mice in which molecules in this signaling cascade, including Lck (4), Zap70 (5), Lat (6), Slp76 (7) and Vav1 (8), have been deleted, supporting the critical role of this canonical TCR signaling pathway in thymic development.
c-Cbl (Cbl) acts as a negative regulator during T cell development through its E3 ligase enzymatic activity that ubiquitinates multiple signaling molecules including Lck, Zap70, Slp76, Vav, Plc-γ1 and Grb2 (9), resulting in degradation or altered functional accessibility of these molecules. Thus, when Cbl is absent, the phosphorylation and activities of Lck, Zap70, Slp76, Vav, Plc-γ1 and Erk are all significantly increased in response to pre-TCR/TCR signaling, reflecting Cbl's negative regulatory role in these responses (10-12). Strikingly, thymic developmental defects caused by deletion of components of the TCR signaling cascade are partially or completely reversed by Cbl inactivation, further demonstrating the role of Cbl in negative regulation of T cell development. T cell development is blocked at the DP stage in Zap70-deficient mice (5), and this defect is partially reversed by Cbl inactivation, resulting in the development of CD4 SP cells in Cbl −/− Zap70 −/− mice (13) (14) . Slp-y3f mice, expressing a mutant Slp76 transgene (Y3F), and Vav1-deficient mice have reduced total numbers of thymocytes and SP cells as a result of partial developmental blocks at both transitions from DN3 to DN4 stages and from DP to SP cells. Both of these defects are almost completely reversed in Y3F and Vav1-deficient thymus by deleting Cbl (15, 16) . Thus, Cbl inactivation unmasks alternative pathways of thymic T cell development with altered or absent requirements for multiple components of the pre-TCR/TCR signaling pathway. It remains unclear from these previous studies what signaling components might in fact be essential in the pathway for T cell development of Cbl-deficient mice. This led us to focus further on the roles of Zap70 and Lck, proximal components of canonical TCR signaling, in T cell development.
We found that the defect in development observed in Zap70 −/− thymus is partially reversed by inactivation of Cbl, as previously reported, and we extended these findings by identifying the biochemical signaling events involved in this rescue in Cbl
−/− mice. Recent reports identified an essential role of Lck, in association with CD4 and CD8 coreceptors, in mediating the requirement for MHC restriction in T cell recognition and in CD4/CD8 lineage selection (17) . Since TCR recognition has been shown to be MHC restricted in Cbl −/− mice (10), it was of particular interest to determine whether the requirement for Lck persisted in the absence of Cbl. Indeed, in contrast to the ability of Cbl inactivation to significantly restore differentiation in other mutant strains, the profound defect in T cell differentiation in Lck −/− mice, both in early DN3 to DN4 transition and later DP and SP differentiation, was not influenced by inactivation of Cbl. Thus, the developmental TCR pathway that is enabled by Cbl inactivation is at least in part independent of Zap70 as well as Slp76, Lat and Vav, but strictly requires Lck. The findings that we report here demonstrate that Lck is also unique among molecules studied to date in playing an essential role as a proximal transducer in both the canonical TCR signaling pathway for T cell development and in the pathway that is enabled by Cbl inactivation, thus ensuring the MHC restriction of T cells derived from either pathway. 
Methods

Mice
Antibodies
Anti-mouse CD3 (2C11), anti-CD4-FITC, anti-NK1.1-FITC, antiMac-1-FITC, anti-Gr1-FITC, anti-CD3-FITC, anti-B220-FITC, anti-CD44-PE, anti-CD69-FITC, anti-HSA-PE, anti-CD4-PE, anti-CD4-Cy7, anti-CD8-FITC, anti-CD8-PE, anti-CD25-biotin, anti-CD5-biotin, anti-TCR-beta (H57)-647and anti-TCR-beta (H57)-biotin monoclonal antibodies were purchased from Biolegend (San Diego, CA, USA). Anti-Vav1, anti-pY(174)Vav1 and anti-Plc-γ1 were purchased from Upstate (Lake Placid, NY, USA). Anti-Erk, anti-Akt, anti-phospho(Thr308) Akt, anti-pY(416) Plc-ϒ1 and anti-phospho(Thr202/Tyr204)-Erk polyclonal antibodies were purchased from Cell Signaling (Beverly, MA, USA).
Cell staining and purification
Single cell suspensions were prepared and stained as previously described (18) and analyzed by FACScan or FACScaliber (Becton Dickinson, San Jose, CA, USA) using either FlowJo (Tree Star, Inc., Ashland, OR, USA) or CellQuest (BD Biosciences) software. To identify DN thymocyte subsets, lineage-positive cells were excluded by incubation of thymocytes with biotin-conjugated mAbs specific for CD4, CD8, H57, TCRγδ, B220, Mac-1, NK1.1 and GR-1, followed by staining with anti-CD25 and anti-CD44 mAb. After extensive washing, Av-Al594 was added. DN cells were identified by gating on lineage-negative cells and forward scatter.
Western blot analysis
Thymocytes or DP thymocytes purified by flow cytometry were incubated with 5 µg/ml of biotin-conjugated anti-CD3 for 30 min, then stimulated with 10 µg/ml of streptavidin for 5 min. The stimulated cells were lysed in buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1 mM Na 2 VO 4 , 1% NP-40 and protease inhibitor cocktail. Protein lysates were used for biochemical analysis (15, 19) .
Statistical analysis
Statistical differences were assessed by Student's one-tailed t-test to determine the ability of Cbl inactivation to reverse defects in T cell development.
Results and discussion
The TCRζ/Lck/Zap-70/Slp-76/Lat signaling pathway has been well established as a canonical pre-TCR/TCRζ pathway functioning in T cell development and activation (20) . The existence of alternative paths has been indicated by the experimental demonstration that Cbl inactivation partially or completely reverses the requirements for multiple signaling components during T cell development (14) (15) (16) . To further understand signaling requirements for T cell development, we assessed the role for proximal signaling molecules Zap70 and Lck in the presence or absence of Cbl.
Cbl inactivation partially reverses defective thymic development in Zap70
−/− mice Consistent with previous reports (13), the total number of thymocytes was substantially reduced in Zap70 −/− mice in comparison with wild-type (WT) littermates (Fig. 1A) . Development of DN subsets was normal, and there was no detectable difference in the normal DN subset development among WT, Cbl (Fig. 1B) . However, the proportion and number of SP thymocytes was reduced in Zap70 −/− mice (Fig. 1A) , and only a small proportion (<2%) of these SP cells were cell surface TCRβ + (Fig. 1C) , reflecting a severe defect in mature TCRβ hi CD4 and CD8 cells
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( Fig. 1D) . Thymic development was partially rescued by inactivation of Cbl. Cbl
Zap-70 −/− mice had WT numbers of total and DP thymocytes (Fig. 1A and D) . Abnormalities seen in Zap70-deficient DP thymocytes included an almost complete absence of cells expressing a high level of TCRβ, and a marked reduction in expression of CD5, an activation marker that reflects strength of in vivo TCR signaling of DP cells (Fig. 1E) . Expression of both TCRβ and CD5 was increased in Cbl −/− DP cells (Fig. 1E) . Strikingly, expression of TCRβ and CD5 was increased in Cbl
−/− DP cells to levels similar to Cbl −/− DP cells and substantially above Zap-70 −/− and WT controls (Fig. 1E) . Thus, TCR expression and the strength of TCR signaling in DP thymocytes as reflected by CD5 expression were enhanced independent of any requirement for Zap70 during Cbl
−/− thymic development. The number of TCRβ + CD4 but not CD8 SP thymocytes was increased relative to Zap70 −/− mice, although much lower than WT numbers (Fig. 1A and D) . Notably, expression of TCRβ was rescued to WT levels in both CD4 and CD8 SP cells that developed in Cbl −/− Zap70 −/− mice (Fig. 1C) .
Cbl inactivation reverses the TCR signaling defects in
The interaction of Zap70 and Cbl in regulating signaling events during thymic development has not, to our knowledge, previously been analyzed. We therefore measured phosphorylation of components of the TCR signaling cascade in response to TCR stimulation of WT, Zap70 −/− and Cbl −/− Zap70 −/− DP thymocytes. Phosphorylation of Akt, Erk, Plc-γ1 and Vav1 was highly reduced in anti-CD3 stimulated Zap70 −/− DP thymocytes in comparison with WT DP thymocytes ( Fig. 2A) . This reduced response might be the result of reduced expression of TCR and/or decreased efficiency of signaling through the expressed TCR molecules, in either case potentially leading to reduced in vivo T cell response to selecting ligands in Zap70 −/− thymus. TCR-stimulated Cbl −/− thymocytes had hyper-phosphorylated PLC-γ1, Erk,Vav1 and Akt (Fig. 2B) . Strikingly, the inactivation of Cbl reversed the signaling defects observed in Zap70 −/− DP thymocytes, resulting in increased phosphorylation of Plc-γ1 and Erk in Cbl
−/− DP thymocytes to levels seen in WT thymocytes, and partially reversing the defective phosphorylation of Vav1 and Akt ( Fig. 2A) . Thus, Cbl inactivation not only normalized T cell development and TCR expression in the absence of ZAP70, but also restored multiple parameters of TCR signaling in Cbl −/−
Zap70
−/− thymocytes. mice. The total number of thymocytes as well as the numbers of CD4, CD8 and DP thymocytes were profoundly decreased in Lck −/− mice in comparison to WT mice (Fig. 3A) . In addition, the percentage of DN3 cells (CD25 (Fig. 3B) , consistent with a block in differentiation at the DN3-DN4 transition or pre-TCR checkpoint. In the absence of Lck, inactivation of Cbl had no effect on thymic development, Cbl thymocytes had normal phosphorylation of Erk in response to TCR stimulation (Fig. 4) . In contrast, TCR-stimulated Lck −/− thymocytes had decreased phosphorylation of Akt, and essentially abolished phosphorylation of PLC-γ1 and Vav1 (Fig. 4A  and B) . In contrast to the reversal of signaling defects in TCRstimulated Zap70
Cbl inactivation does not reverse the defect in thymic development observed in
Cbl inactivation does not reverse TCR signaling defects in
−/− and Slp-y3f thymocytes by deletion of Cbl (15, 16) , there was no effect of Cbl inactivation on phosphorylation of the TCR signaling molecules analyzed in Cbl −/− Lck −/− thymocytes in response to TCR stimulation ( Fig. 4A  and B) . Thus, Lck is required for activation and thymocyte development after Cbl inactivation and is unique in its essential role in both the canonical TCR signaling pathway and in the alternative pathway that is enabled by Cbl inactivation.
We and others have found that Cbl inactivation partially or fully rescues the defects in thymic development that result from inactivation of several canonical TCR signaling molecules. This approach identified the existence of an alternative pathway that is suppressed by Cbl (13) (14) (15) (16) . To further define the essential components and function of TCR signaling pathways, we have focused here on assessing the roles of Zap70 and Lck, two molecules that are critical proximal components of canonical TCR signaling. We report that inactivation of Cbl resulted in partial rescue of defective thymic development in Zap70 −/− mice, with substantial reversal of multiple defects in TCR signaling-dependent phosphorylation events in Cbl
−/− thymocytes. Cbl inactivation thus reveals a T cell developmental pathway that is in part independent of Zap70. In contrast, Cbl inactivation had no effect on the severe defects in TCR signaling, and T cell development in Lck −/− mice, demonstrating that Lck is unique among molecules studied to date in its essential role in both the canonical TCR signaling pathway and the alternative pathway that is enabled by Cbl inactivation. Recent studies have demonstrated an essential role of Lck, through its association with CD4 and CD8 coreceptor molecules, in mediating MHC restriction of T cell recognition (17) . The studies that we have reported here suggest that Lck is similarly unique in its non-redundant requirement for T cell development and TCR signaling in the presence or absence of Cbl regulatory constraints, providing a basis for ensured Lck-mediated MHC restriction through any of these pathways.
In the canonical model of TCR signaling, TCR stimulation initiates the auto-phosphorylation of Lck that then phosphorylates immunoreceptor tyrosine-based activation motifs of TCR CD3 (22) . The phosphorylated TCR-ζ chain recruits and binds Zap70, which is activated and phosphorylated by Lck (22) . Activated Zap70 subsequently phosphorylates Slp76 and Lat, which form a signaling complex (23) . The signaling complex of Slp76 and Lat recruits and activates downstream molecules including Grb2, Plc-γ1 and Vav1 (1-3) . Cbl, an E3 ligase, is able to interact with and down-regulate the activity of multiple proteins including Lck, Zap70, Slp76, Grb2, Plc-γ1 and Vav1 (9). The function of Cbl has been studied in regulation of T cell development as well as in modulating pre-TCR/TCR signaling. T cell development is largely unaffected in Cbl −/− knockout mice, despite hyper-phosphorylation of 
Zap70
−/− thymus (13); however, TCRβ expression was greatly increased in both CD4 and CD8 cells in the present study. Most notably, we have also identified here a failure of Cbl inactivation to detectably affect the severe defects in Lck −/− thymic development, in contrast to the partial or complete rescue from other defects studied to date. Lck thus appears to be particularly critical to thymic development, even when the regulatory influence of Cbl is removed.
The ability of Cbl inactivation to reverse defects in thymic development in several models of disrupted pre-TCR/TCR signaling was accompanied by restoration of signal transduction as measured by specific phosphorylation events (13) (14) (15) (16) . In the present study, we analyzed the previously uncharacterized TCR signaling consequences of Zap70 and Cbl deletion in thymic development. Reduced phosphorylation of Plc-γ1, Vav1 and Erk was found in anti-CD3 stimulated Zap70 −/− thymocytes, while Cbl −/− Zap70 −/− thymocytes had restored levels of phosphorylation of Plc-γ1, Vav1 and Erk similar to those of WT thymocytes. Therefore, efficient activation of Plc-γ1, Vav1 and Erk can occur through a Zap70-independent TCR signaling pathway, which is normally inhibited by Cbl, as well as through the canonical TCR signaling that occurs in the presence of intact Cbl. In contrast, this study further demonstrated that inactivation of Cbl did not rescue the defects in phosphorylation of Plc-γ1 and Vav1 in the response of Lck −/− mice to TCR stimulation. Lck thus plays an essential role in these signaling events, paralleling its essential function in thymic development, and is critical in both canonical and alternative TCR signaling pathways.
Studies of knockout mice have been highly informative in identifying components of the TCR/pre-TCR signaling pathways involved in T cell development. It is notable that specific knockouts vary considerably in the magnitude of impact on thymic development. In the presence of intact Cbl, deletion of Lck causes a profound defect in DN3-DN4 progression dependent upon pre-TCR signaling, as well as in lineage choice and positive selection mediated by TCR signaling. Even these defects are not absolute, however, and it appears that residual T cell development in Lck knockouts is due at least in part to redundant function of Fyn, since the Lck −/− Fyn −/− double knockout exhibits an essentially complete arrest at DN3 (24) . The defect in TCR signaling is similarly not complete in Lck-deficient thymocytes, where Erk phosphorylation is intact in response to TCR stimulation, while phosphorylation of Vav1 and Plc-γ1 appears to be completely abrogated. The effect of other deletions is less severe. Inactivation of Zap70, for example causes substantial but less severe defects in early and late stages of T cell development. Collectively, these observations indicate that even in the presence of intact Cbl, there are alternative pathways capable of supporting degrees of T cell development in the absence of specific signaling elements. The impact of Cbl inactivation on defects in T cell development is similarly variable, with no effect on the defect in Lck-deficient development, as reported here, in contrast to complete or partial reversal of the defects observed in mice deficient in other signaling intermediates. 
